Employing a new machine learning method, named hierarchical extreme learning machine (HELM) algorithm, we identified 56 hot subdwarf stars in the first data release (DR1) of the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) survey. The atmospheric parameters of the stars are obtained by fitting the profiles of hydrogen (H) Balmer lines and helium (He) lines with synthetic spectra calculated from non-Local Thermodynamic Equilibrium (NLTE) model atmospheres. Five He-rich hot subdwarf stars were found in our sample with their log(nHe/nH) > −1, while 51 stars are He-poor sdB, sdO and sdOB stars. We also confirmed the two He sequences of hot subdwarf stars found by Edelmann et al. (2003) in T eff -log(nHe/nH) diagram. The HELM algorithm works directly on the observed spectroscopy and is able to filter out spectral properties without supplementary photometric data. The results presented in this study demonstrate that the HELM algorithm is a reliable method to search for hot subdwarf stars after a suitable training is performed, and it is also suitable to search for other objects which have obvious features in their spectra or images.
Introduction
Hot subdwarf stars (spectral types i.e.: sdB, sdO and related objects) are low mass stars in a core or shell helium (He) burning stage (Heber 2009 (Heber , 2016 . These stars lose nearly their whole hydrogen (H) envelopes during the evolution on the red giant branch (RGB), therefore they present very high effective temperatures (T eff ≥ 20 000 K) on reaching the horizontal branch (HB) stage. Hot subdwarf stars are considered to be the main source of UV-excess found in elliptical galaxies (O'Connell 1999; Han et al. 2007 ). These stars also turned out to be important objects in studying close binary interactions, since many hot subdwarf stars are found in close binaries (Maxted et al. 2001; Napiwotzki et al. 2004; Copperwheat et al. 2011) . The most common types of companion stars in hot subdwarf binaries are main-sequence (MS) stars, white dwarfs (WDs), brown dwarfs and planets. Hot subdwarf stars with massive WD companions are considered to be the progenitors of type Ia supernovae (Wang et al. 2009; Geier et al. 2011; Geier 2015) . The atmospheres of hot subdwarf stars are good places to study diffusion processes, such as gravitational settling and radiative levitation. Moreover, pulsating sdB/O stars are extensively used in asteroseismology to study stellar interiors and rotation.
For a recent review on hot subdwarf stars see Heber 2016 .
The formation mechanism of hot subdwarf stars is still unclear. Since about half of the hot subdwarf B type (sdB) stars are found in close binaries, Han et al. (2002 Han et al. ( , 2003 carried out a detailed binary population synthesis to study the formation of sdB stars. They found that common envelope (CE) ejection, mass transfer through Roche lobe overflow (RLOF) or merger of two helium core white dwarfs (He-WDs) could produce sdB stars in a close binary, wide binary and single system respectively. Based on these results, Chen et al. (2013) predicted that the orbital period of sdB binaries formed from RLOF mass transfer could be up to 1200 days, if atmospheric RLOF and a different angular momentum loss are considered in binary evolution. This result could explain the formation of sdB stars found in wide binaries. Furthermore, Xiong et al. (2017) found that two distinct groups of sdB stars could be formed through the detailed CE ejection channel. One group is flash-mixing sdB stars without H-rich envelopes, and the other is canonical sdB stars with H-rich envelopes. In addition, Zhang et al. (2012 Zhang et al. ( , 2017 studied the formation channel in detail for single sdB stars through the merger of two He-WDs or the merger of a He-WD with a low-mass MS companion.
Their results could account for some He-rich sdB stars found in the field. The counterpart of hot sudwarf stars in globular clusters (GCs) are known as extreme horizontal branch (EHB) stars. Some of these stars with particularly high effective temperatures (e.g., T eff ≥ 32 000 K ) form a blue hook in the ultraviolet (UV) color-magnitude diagram (CMD) of GCs (Brown et al. 2016) , and they are known as blue hook stars in GCs. Lei et al. (2015 Lei et al. ( , 2016 proposed that tidally-enhanced stellar wind during binary evolution may lead to huge mass loss of the primary stars at RGB and could produce blue hook stars in GCs after undergoing late core He flash.
Thanks to large surveys over the past decade a significant number of previously unknown hot subdwarfs have been catalogued, e.g., Kepler (∅stensen et al. 2010) , Galaxy Evolution Explorer (GALEX, Vennes et al. 2011; Németh et al. 2012; Kawka et al. 2015) , the Sloan Digital Sky Survey (SDSS, Geier et al. 2015; Kepler et al. 2015 Kepler et al. , 2016 and the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) survey (Luo et al. 2016) . ∅stensen (2006) compiled a widely used hot subdwarf database by searching extensive literatures, in which more than 2300 hot subdwarf stars are archived. Furthermore, Geier et al. (2017) compiled a catalogue of known hot subdwarf stars and candidates retrieved from literatures and unpublished databases. This catalogue contains 5613 objects with multi-band photometry, proper motions, classifications, atmospheric parameters, radial velocities and information on light curve variability. Using the first data release (DR1) of the LAMOST survey, Luo et al. (2016) identified 166 hot subdwarf stars, among which 122 objects are single-lined, while the other 44 objects present double-lined composite spectra (e.g., Mg I triplet lines at 5170 Å or Ca II triplet lines at 8650 Å) , which demonstrates the binary nature of these stars.
We need even more spectroscopically identified hot subdwarf stars and candidates to improve our understanding on their formation and evolution. Fortunately, large spectroscopic surveys provide us a good opportunity to search for new hot subdwarf stars, e.g., SDSS (York et al. 2000) and LAMOST (Cui et al. 2012; Zhao et al. 2006 Zhao et al. , 2012 . The traditional method extensively used to search for hot subdwarf stars in large spectroscopic surveys is based on color cuts, followed by visual inspections. However, this method requires homogeneous photometry for the spectra to obtain their colors in different band (e.g., u-g and g-r, Geier et al. 2011) , thus it might not work well in spectral database without any or lack of homogeneous photometric information, such as the database of LAMOST.
Employing the Hierarchical Extreme Learning Machine (HELM) algorithm, Bu et al. (2017, hereafter Paper I) explored a machine learning method to search for hot subdwarf stars in LAMOST spectra. The Extreme Learning Machine (ELM) is a special type of single hidden-layer feed-forward network, while HELM is the hierarchical framework of the ELM algorithm (Huang et al. 2006) . It is inspired by the deep learning algorithms, and built in a multilayer manner. HELM has been frequently used in many fields, such as image-quality assessment (Mao et al. 2014) , human action recognition (Minhas et al. 2010 ) and hyper-spectral image classification . Using the HELM algorithm in Paper I, we obtained an accuracy and efficiency of classifying single-lined hot subdwarf stars in LAMOST spectra up to 92% and 96% respectively, which demonstrated the reliability of the method to search for hot subdwarf stars in the LAMOST survey spectral database.
Like in the seminal study of Paper I, we applied the HELM algorithm method to LAMOST DR1 and identified 56 hot subdwarf stars. We obtained the atmospheric parameters of these stars by fitting their spectra with synthetic spectra calculated from NLTE model atmospheres (Németh et al. 2012 (Németh et al. , 2014 . The structure of the paper is as follows. In Section 2, we briefly introduced the LAMOST spectral survey and sample filtering method based on the HELM algorithm. In Section 3, we introduced the selection criteria to sort out hot subdwarf stars selected from the candidates by the HELM algorithm. We give our results in Section 4. Finally, a discussion and a summary of this study are presented in Section 5 and 6, respectively. LAMOST is a special reflecting Schmidt telescope designed with both large aperture (effective aperture of 3.6 -4.9 m) and a wide field of view (FOV, 5
• , Cui et al. 2012) . LAMOST is equipped with 16 low resolution spectrographs connected to 4000 optical fibres, which are precisely positioned on the focal surface. As the telescope with the highest rate of spectral acquisition all over the world,
LAMOST could obtain the spectra of 4000 objects simultaneously.
LAMOST conducted its pilot survey between October 2011 and June 2012, while the regular survey started in September 2012 and finished its first year's operation in June 2013. The data from both the pilot survey and the first year regular survey make up the database of LAMOST DR1 (Luo et al. 2015) . DR1 contains totally 2 204 696 spectra with a resolution (λ/∆λ) of 1800 in the wavelength range 3690-9100Å, among which 1 790 879 spectra have their signal-to-noise ratio (SNR) ≥10, and 1 944 329 spectra are classified as stellar spectra. Although the number of stellar spectra in LAMOST DR1 is large, many of them lack photometric measurements in certain bands, such as the u band, and it prevents one to use colors for object classifications. Therefore, LAMOST DR1 provides us an appropriate database to test our new method (HELM algorithm) in searching for hot subdwarf stars directly from observed spectra, without a need for color information (also see the discussion in Section 5).
2.2 The HELM algorithm and our training sample HELM stands for the hierarchical framework of the ELM algorithm (see Paper I for more details), which was proposed by Tang et al. (2015) . It usually contains two parts: an unsupervised learning part and a supervised part. The unsupervised part in HELM could include many layers. To give higherlevel features of the training sample, the input of each layer is the output of the previous layer. On the other hand, the supervised part contains only one layer, and it takes the output of the last unsupervised layer as its input. In the experiments of Paper I, The HELM algorithm could filter out single-lined hot subdwarf stars from LAMOST spectra with an accuracy of 0.92 and efficiency of 0.96, respectively.
When applied to the selection of double-lined hot subdwarfs, the HELM presented an accuracy and efficiency of 0.80 and 0.71, respectively. These results are better when we compare them with other popular algorithms (see section 4.2 in Paper I), which demonstrates that the HELM algorithm is an accurate and efficient new method to search for hot subdwarf stars in large spectroscopic surveys.
The training sample used in the experiments of Paper I are the spectra of hot subdwarf stars identified in Luo et al. (2016) combined with 4600 LAMOST DR1 spectra of various types of objects, including stars of different spectral types, galaxies, quasars and objects with ambiguous spectral features. There are a total of 166 hot subdwarf spectra in our training sample, among which 122 stars are single-lined hot subdwarfs, while 44 spectra show strong Mg I triplet lines at 5170 Å or Ca II triplet lines at 8650 Å indicating the binary nature of these stars. According to Table 2 in Luo et al. (2016) , the 122 single-lined hot subdwarf stars consist of 77 sdB stars, 15 He-sdO stars, 12 sdO stars, 10
He-sdB stars and 8 blue horizontal branch (BHB) stars. All the sample spectra are divided into three groups to carry out the experiments in HELM and other popular algorithms (see Paper I for details).
Target selection
By applying the HELM algorithm outlined in Paper I, we obtained more than 7000 hot subdwarf candidates from LAMOST DR1, among which 1034 spectra have an u-band SNR larger than 10. We have selected our final hot subdwarf sample from these candidates. Blue horizontal branch (BHB) stars, B-type main-sequence (B-MS) stars and WDs show very similar features (e.g., strong H Balmer lines) in their spectra as hot subdwarf stars (Moehler et al. 1990 ). Some of these stars have similar temperatures to hot subdwarf stars, especially to He-poor sdB stars. Therefore, the hot subdwarf candidate sample selected by the HELM algorithm method is contaminated by the above mentioned object types. Three steps are used to select hot subdwarf stars from our candidates. 3.1 Excluding BHB stars and WDs from our sample BHB stars are horizontal branch stars bluer than the RR Lyrae instability strip in the color-magnitude diagram (CMD). These stars present effective temperatures in the range of about 7 000 -20 000 K and surface gravities (e.g., log g) in the range of log g = 2.5 − 4.5 cm s Both the values of D 0.2 and f m are sensitive to effective temperature and gravity in hot stars (Xue et al. 2008) , which makes it a suitable measure to distinguish our sample spectra in the D 0.2 -f m diagram. Since BHB stars have lower temperatures and gravities than hot subdwarf stars and regular WDs present higher temperatures and gravities than hot subdwarf stars, these spectral classes can be clearly separated according to their D 0.2 and f m values (Greenstein & Sargent 1974) . We use the scale width versus shape method (Clewley et al. 2002; Xue et al. 2008) to fit the H δ line and obtain the value of D 0.2 and f m for each spectrum in our sample. This method is based on a Sérsic profile fit (Sérsic 1968) to Balmer lines in the following form:
where y is the normalized flux, λ is the wavelength and λ 0 is the nominal central wavelength of the Balmer line. The coefficients a, b and c are free parameters. As described in Xue et al. (2008) , to account for imperfect normalization of spectra, we used five free parameters: a, b, c, λ 0 and n to fit the normalized spectrum to the Sérsic profile: 
The three panels in Fig After applying the selection criterion of D 0.2 < 17.0 Å we obtained 578 hot subdwarf candidate spectra, among which 161 spectra present obvious Mg I triplet lines at 5170 Å or Ca II triplet lines at 8650 Å. These lines are characteristic of cool stars and such subdwarfs are double-lined composite spectrum binary candidates, that will be studied in a forthcoming publication. Therefore, our hot subdwarf sample selected by D 0.2 -f m method consists of 417 spectra, for which the atmospheric parameters were determined by fitting their H Balmer and He lines.
The D 0.2 -f m method is able to exclude most of the BHB stars and WDs in our sample.
However, as the method is based on measuring the width and depth of H δ line, some hot subdwarfs with weak or no obvious H δ lines (e.g., He-sdO, He-sdB) could be also removed from our sample.
Furthermore, the values of D 0.2 and f m for some spectra are difficult to obtain from poor quality spectra near the H δ line. To assess the completeness of our sample we used XTgrid (Németh et al. 2012; Vennes et al. 2011 , see next section for detail) to make a spectral classification for the 456 spectra which were removed by the D 0.2 -f m method. With this procedure we could recover a further 48 hot subdwarf candidates from low quality spectra. The atmospheric parameters of these 48 spectra together with the 417 spectra selected by D 0.2 -f m method (i.e., 465 spectra in total) are determined by fitting their LAMOST optical spectra with synthetic spectra (see next section). All objects with atmospheric parameters characteristic of hot subdwarfs were selected as hot subdwarf candidates.
Atmospheric parameters of hot subdwarf candidates
To determine the atmospheric parameters of the final hot subdwarf sample we fitted NLTE models to the observations. We used the NLTE model atmosphere code Tlusty (version 204; Hubeny & Lanz (2017) to calculate models with H and He composition and corresponding synthetic spectra with Synspec (version 49; Lanz et al. 2007) . Details of the model calculations are described by Németh et al. (2014) . The spectral analysis was done by a steepest-descent iterative χ 2 minimization procedure, which is implemented in the fitting program XTgrid (Németh et al. 2012; Vennes et al. 2011 ). This algorithm fits the entire optical range and attempts to reproduce the observed line profiles simultaneously. Final parameter errors are determined by departing from the best fitting parameters in one dimension until the statistical limit for the 60% confidence level of a single parameter is reached, separately for positive and negative error bars. To match the resolution of LAMOST spectra we convolved the synthetic spectra with a Gaussian profile at a constant resolution (R = 1800). By employing XTgrid , we obtained the atmospheric parameters (e.g., T eff , log g and He abundance) for the 465 spectra selected in Section 3. We classified stars with T eff ≥ 20 000 K and log g ≥ 5.0 as hot subdwarf stars, with T eff < 20 000K and logg < 5.0 as hot BHB stars, while stars with log g < 4.5 as B-MS stars following the classification scheme of Németh et al. (2012) . After this procedure, we selected 76 hot subdwarf candidates based on their atmospheric parameters. We checked our results by Gaia Hertzsprung-Russell diagram (HRD) in next section. 2018b), while blue triangles, yellow squares and red circles are the common stars in our sample. We found 56 stars (e.g., blue triangles) to be located in the hot subdwarf region of the HRD. Therefore, these 56 objects are finally identified as hot subdwarf stars in this study. On the other hand, we found 12 stars (e.g., yellow squares) distributed along the wide MS 2 , and 6 stars (e.g., red circles) are along the WD sequence.
Results
Using the method described in Section 3, we identified 56 hot subdwarf stars. We followed the spectral classification scheme in Moehler et al. (1990) and Geier et al. (2017) 
for helium class 20-40. We also appended this helium class for our hot subdwarf stars (see Table 1 ).
The atmospheric parameters of the 56 identified hot subdwarf stars together with the information of 12 MS stars and 6 WDs are listed in Table 1 . The atmospheric parameters of the MS stars and WDs are not presented. In column 1-11 of Table 1 , we have presented the LAMOST designation, right ascension, declination, effective temperature , surface gravity and He abundance obtained in this study, spectral classification type, SNR in the u band, apparent magnitudes in the u and g band of SDSS, apparent magnitudes in the G band of Gaia DR2, respectively. We also cross-matched our hot subdwarf stars with the hot subdwarfs list in Geier et al. (2017) and Németh et al. (2012) . In Table   1 , the common hot subdwarf stars with Geier et al. (2017) are labeled by * , and the common hot subdwarf stars with Németh et al. (2012) are marked by † .
Comparison with other studies
Among the 56 hot subdwarf stars in our study, 25 stars have been already catalouged by Geier et al.
(2017), and 5 stars are listed in Németh et al. (2012) . To check the results presented in our study, we compared the atmospheric parameters obtained in this study with the ones from Geier et al. (2017) and Németh et al. (2012) where their parameters are available.
We have 25 common hot subdwarf stars with Geier et al. log g and log(nHe/nH), respectively. As we see that both T eff and log(nHe/nH) obtained in this study matched well with the values from Geier et al. (2017) . Although, the comparison of log g in the middle subplot of Panel (a) presents a more dispersive distribution than the other two parameters, but our results are still comparable with the values from literature.
We also have 5 common hot subdwarf stars with Németh et al. (2012) , which are marked in Table 1 . These stars are from the GALEX survey with low-resolution spectra. Similar as we see in )). This could be due to the fact that the synthetic spectra used to fit the observed spectra in our study are calculated from atmospheric models only with H and He composition (Németh et al. 2014) , while the synthetic spectra used in Németh et al. (2012) are calculated from atmospheric models not only with H and He composition but also include C, N and O composition. Furthermore, the observed spectra in our sample (obtained in LAMOST survey) are different from the spectra in Németh et al. (2012, obtained in GALEX survey) , and the qualities (e.g., SNR) for the spectra are also different. Beyond these effects the major reason for the differences in the surface gravity is the inclusion of H Stark broadening tables from Tremblay & Bergeron (2009) and dotted curves represent the evolution tracks of hot subdwarf stars from Han et al. (2002) . See text for the details on these evolution tracks.
We split our sample into three groups based on their He abundance following the scheme of Németh et al. (2012) . In Fig 6 , filled circles denote hot subdwarf stars with their log(nHe/nH) ≤ −2.2.
Most of these stars are He-poor sdB stars, and they are located near T eff = 29 000 K, and log g = 5. Edelmann et al. (2003) , while the dot-dashed line is the best-fitting line for the He-poor sequence in Németh et al. (2012) . Diamonds denote the stars for which we just obtained the upper limit of log(nHe/nH) (see Table 1 ).
log(nHe/nH) = −3.53 + 1.35
while the He-weak sequence in their study follows the formula:
log(nHe/nH) = −4.79 + 1.26 T eff 10 4 K − 2.00 .
These two lines are shown by the dotted and the solid lines in Fig 7, respectively. We found results similar to those described by Edelmann et al. (2003) , the two He sequences of hot subdwrf stars are also present in our sample. Moreover, the He-rich sequence in Fig 7 could be fitted well by the line described in equation (5), which is from Edelmann et al. (2003) . However, a He-weak sequence in our sample follows a different trend than the He-weak sequence by Edelmann et al. (2003) . On the other hand, the He-weak sequence in our sample is consistent with the one presented in Németh et al. (2012) . They used another line to fit the He-weak sequence in their study:
log(nHe/nH) = −4.26 + 0.69 T eff 10 4 K − 2.00 .
We also plot the linear regression by equation (7), which is denoted by a dot-dashed line in Fig 7. The trend of this line is consistent with our He-weak sequence. Furthermore, Edelmann et al. (2003) also found two less clear sequences of hot subdwarf stars in the log g-log(nHe/nH) plane. However, we did not find a similar result in our sample (see Fig 8) . Diamonds denote the stars for which we just obtained the upper limit of log(nHe/nH) (see Table 1 ).
Discussion
The traditional method to search for hot subdwarf stars in large spectroscopic surveys is to make color cuts followed by visual inspections. This method requires homogeneous photometric information to obtain the colors of the stars (e.g., u-g and g-r; Geier et al. 2011) . Therefore, the traditional method is not suitable for large spectral databases without supplementary photometric measurements, such as the spectral database of LAMOST. The HELM algorithm, as described in Paper I and in this study, does not need color information to filter out spectra with certain spectral properties. This makes HELM a suitable method to screen large spectroscopic surveys for hot subdwarf stars, or any other objects with distinct spectral features.
One may note that He-rich hot subdwarf stars are under-represented in our samples (e.g., only 5 stars with log(nHe/nH) > −1.0, see Fig 7 in this paper), this could be due to the fact that the number of He-rich hot subdwarf stars in the training sample is small. Our training spectra were the hot subdwarfs from Luo et al. (2016) , which consists of 77 sdB stars, 12 sdO stars, 10 He-sdB stars and 15 He-sdO stars. According to the classification scheme of Luo et al. (2016) , both sdB and sdO stars are He-poor hot subdwarf stars with dominant H Balmer lines, while both He-sdB and He-sdO stars are He-rich stars with dominant He I or He II lines. That is, there are many more hot subdwarf stars with dominant H Balmer lines (He-poor stars) than the stars with dominant He lines (He-rich stars) in our training sample, e.g., 77 versus 25. In addition to this, we did not separate these different type of subdwarf stars during the experiments. Instead, we trained HELM with all the sample spectra together, thus the larger the number of stars of a particular type in the training sample, the greater the precision with which this stellar type may be identified in the science sample. These factors could be accounted for the lack of He-rich hot subdwarf stars in our results.
The quantity and quality of the training spectra are both very important factors in the HELM algorithm method, and have a direct influence on the results (Tang et al. 2015) . Before we started this work, only 166 hot subdwarf stars (including 122 single-lined stars and 44 double-lined stars) with LAMOST spectra were published in Luo et al. (2016) . Therefore, the number of hot subwarf stars is limited in our training spectra. Moreover, among 122 single-lined hot subdwarf stars, 8 stars are classified as BHB stars in Luo et al. (2016) , and only about 50 have a SNR larger than 10. As a result, although the initial candidates selected by HELM algorithm contains more than 7000 spectra, but nearly 6000 spectra have a u-band SNR below 10, which demonstrates a poor quality of the spectra for a follow-up study. These spectra have been discarded from our analysis as we mention in Section 3. With these considerations the total number of hot subdarfs in the LAMOST target list is likely much higher.
Having used machine learning tools to search for hot subdwarf stars in LAMOST, we can outline some future improvements that will be required for a better efficiency and accuracy of the method. For example, we plan to add the standard hot subdwarf stars listed in Drilling et al. (2013) into our training sample, since it provides detailed classification for all kinds of hot subdwarf stars with different types, which will be quite useful to classify hot subdwarf stars by the HELM algorithm.
We also plan to cross match the LAMOST database with the newest hot subdwarf catalogue (e.g., Geier et al. 2017 ), then we will be able to add many high quality hot subdwarf spectra to our training sample. From these improvements we expect a large number of new subdwarfs to be uncoverd from the LAMOST survey in the near future. These works are already on the way and will make important contributions on the study of the formation and evolution of hot subdwarf stars.
Summary
We have applied the HELM algorithm in our study to search for hot subdwarf stars in LAMOST DR1. 56 hot subdwarf stars are identified among 465 candidates with single-lined spectra, and their atmospheric parameters have been obtained by fitting the profiles of H Balmer and He lines with the synthetic spectra calculated from NLTE model atmospheres. 31 sdB stars, 11 sdO stars, 9 sdOB stars, spectral properties from large sets of spectroscopic data directly, without the need of any photometric observations or pre-selection. Though the total number of hot subdwarf stars identified may seem low compared to the sample size, it is mainly due to the limited quantity and quality of the training spectra. We expect that many more hot subdwarf stars will be found in the LAMOST database using machine learning method in the future after our experiences are implemented in the algorithm. We used the HELM algorithm for the first time to search for hot subdwarf stars in a large spectroscopic survey, and the results presented in our study demonstrate that this method could be applied to search for other types of object with obvious features in their spectra or images.
